Background-Electromechanical coupling, a well-described phenomenon in systolic dysfunction, has not been well studied in diastole. We hypothesized that the ECG T-peak to T-end (TpTe) interval, representing transmural dispersion of repolarization, is associated with echocardiographic markers of diastolic dysfunction (DD). Methods and Results-We performed a prospective, cross-sectional study of the association between TpTe and markers of DD in 84 consecutive, unselected patients referred for exercise echocardiography. We systematically measured TpTe on the resting ECG, and we performed comprehensive assessment of DD at rest and at peak stress. 
D
iastolic dysfunction (DD) identified by comprehensive echocardiography is common, with a prevalence of up to 30% in the community, and both the presence and progression of DD have been associated with adverse outcomes, including progression to overt heart failure (HF). [1] [2] [3] Although much is known about the pathogenesis of DD and its relation to HF syndromes, the underlying myocardial electrophysiological properties associated with DD have been less well studied. Characterization of the electrophysiological substrate underlying DD may allow for the development of novel therapies for DD and may also provide insight into the high prevalence of sudden cardiac death observed in patients with HF with preserved ejection fraction (HFpEF, also known as diastolic HF). 4 
Clinical Perspective on p 543
Although inherited long-QT syndrome (LQTS) has historically been considered a purely electrical disease, echocardiographic studies over the past 2 decades have demonstrated a crude but replicable relationship between a prolonged QT interval and abnormal mechanical function. [5] [6] [7] [8] [9] Observational data paired with animal studies propose the theory that electrical transmural dispersion of repolarization manifest on the surface ECG can be associated with mechanical dispersion of left ventricular relaxation observed using comprehensive echocardiography. [10] [11] [12] [13] [14] [15] We recently reported an association between ECG QTc interval and DD among patients undergoing echocardiography for suspected HF, none of whom had known LQTS. 16 We also validated this finding in an unselected cohort of patients referred for echocardiography. 16 These findings extended prior results showing that electrical repolarization correlates with mechanical relaxation in a broad sample of patients. 17 Although these prior studies demonstrate an association between QTc and DD, the QTc interval encompasses both depolarization (systole) and repolarization (diastole). Animal models have demonstrated that the ECG T-peak to T-end (TpTe) interval is more representative of transmural dispersion of repolarization than QTc. 18 We therefore sought to evaluate the relationship between TpTe and DD. We hypothesized that TpTe would be independently associated with DD even after adjusting for QTc and would be more closely related to tissue Doppler e' velocity than QTc.
Methods

Study Design
We performed a prospective, cross-sectional study of the association between TpTe interval and DD in 84 patients at the Bluhm Cardiovascular Institute of Northwestern Memorial Hospital (Chicago, IL). We initially recruited 107 consecutive unselected patients who presented for full Doppler exercise echocardiography from June 30, 2008 , to August 21, 2008 . We excluded 17 patients because of poor echocardiographic image quality or poor-quality tissue Doppler tracings, 1 due to ventricular paced rhythm, and 5 due to atrial arrhythmia, resulting in 84 patients for the final analysis. The study protocol was approved by the Institutional Review Board at Northwestern University Feinberg School of Medicine, and all study participants provided written informed consent.
Clinical Characteristics
We collected and analyzed the following clinical characteristics of the study participants: demographics, comorbidities, medications, body mass index, and laboratory data (which included serum potassium and renal function). Estimated glomerular filtration rate was calculated using the Modified Diet in Renal Disease equation.
Hypertension was defined by systolic blood pressure >140 mm Hg or diastolic blood pressure >90 mm Hg, physician-documented history of hypertension, or use of antihypertensive medications. Diabetes mellitus was defined by the presence of physician-documented history of diabetes or use of oral hypoglycemic agents or insulin for the treatment of hyperglycemia. Coronary artery disease (CAD) was defined by the presence of physician-documented history of CAD, known coronary stenosis >50%, history of myocardial infarction, percutaneous intervention, coronary artery bypass grafting, or abnormal stress test consistent with myocardial ischemia. Obesity was defined by a body mass index >30 kg/m 2 .
Electrocardiography
All subjects underwent baseline 12-lead ECG recording (Marquette MAC 5000 Resting ECG System; GE Healthcare; Boston, MA) at the time of baseline echocardiogram. ECGs were analyzed by a single trained reader blinded to the echocardiographic findings. Each ECG was analyzed according to a systematic protocol, which included measurement of the PR interval, QRS duration, QT interval, and QTc interval as described in a prior study of ours. 16 We excluded patients with atrial arrhythmias, premature atrial or ventricular beats, irregular R-R intervals, or paced rhythms due to their influence on transmural dispersion of repolarization as well as difficulty measuring QTc and TpTe in these cases. 19 We analyzed the T-wave and measured TpTe interval based on methods described in previous studies. 12 We used a manual analysis of standard 12-lead ECG tracings at 25-mm/s speed and 10-mm/mV amplitude. Because previous studies have postulated that precordial leads best reflect transmural dispersion of repolarization, whereas limb leads best reflect apical-basal or global spatial dispersion, TpTe was measured from the peak of the T-wave to the end of the T-wave, using the best available T-wave in lead V 5 , a method that has been described previously. [20] [21] [22] In cases in which V 5 was not suitable for analysis leads, V 4 and V 6 (in that order) were measured. 21 Because both animal and human models have previously demonstrated that transmural dispersion of repolarization typically manifest as late T-wave abnormalities in downslope or morphology, the offset of the descending limb of the T-wave was defined as the intersection of the tangent to the terminal downslope of the T-wave and the isoelectrical line ( Figure 1) . 21, 23, 24 For purposes of maintaining precision, leads were excluded from analysis if there was a prominent U-wave or if the T-wave amplitude was <1.5 mV. For the assessment of interobserver variability of TpTe measurements, a second trained investigator independently measured the TpTe interval in 15 randomly selected patients, blinded to all other clinical, ECG, and echocardiographic data.
Echocardiography
All subjects underwent a complete M-mode, 2-dimensional, Doppler, and tissue Doppler echocardiographic examination, using a Sonos 7500 or iE33 system (Philips Medical Systems, Andover, MA), with additional dedicated imaging of mitral inflow using pulsed wave Doppler echocardiography and pulsed wave tissue Doppler echocardiography of the septal mitral annulus according to the published guidelines. 25, 26 Echocardiograms were reviewed by a single trained reader blinded to the ECG and clinical data. Diastolic function was diagnosed and graded as normal, mild dysfunction (grade 1), or moderate or greater dysfunction (grade 2 or 3), based on mitral inflow velocities (ie, ratio of early [E] to late [A] mitral inflow velocity [E/A ratio]), tissue Doppler e' velocities, and E/e' ratio. 
Exercise Testing and Exercise Echocardiography
Exercise stress testing (including diastolic stress echocardiography) was performed using a protocol consistent with prior published studies. 27, 28 All patients underwent treadmill exercise according to the Bruce protocol with physician supervision to encourage maximally tolerated exercise. Immediately after peak exercise, regional wall motion was assessed using standardized 2-dimensional views. Shortly after 2-dimensional image acquisition, mitral inflow and septal tissue Doppler velocities were obtained within 5 minutes of cessation of exercise at the earliest time to sufficiently allow separation of the E and A velocities, permitting appropriate measurement (typically when heart rate decreased to <90 bpm).
Statistical Analysis
For the evaluation of interobserver variability of TpTe measurements, the agreement between the measurements obtained by 2 independent investigators was determined as the mean bias and 95% limits of agreement (1.96 SD). Interobserver reliability also was evaluated using the intraclass correlation coefficient 29 and Bland-Altman analysis. For descriptive purposes, we dichotomized study participants into 2 groups by median TpTe interval (TpTe <75 ms versus TpTe ≥75 ms). Clinical characteristics, laboratory data, resting ECG parameters, resting echocardiographic parameters, and stress test data (exercise duration and capacity, peak stress wall motion, and peak stress diastolic parameters) were compared between groups. Continuous data, displayed as mean±SD, were compared using t tests (all continuous data were normally distributed). χ 2 tests (or Fisher exact test when appropriate) were used to compare categorical variables between groups. To account for multiple comparisons (n=54 statistical tests in Tables 1, 2, 3 , and 4), we used 3 approaches: Bonferroni, Sidák, and false discovery rate (FDR). Results using the 3 methods were similar, except for a significant difference in peak heart rate detected using the FDR method but not after correcting for multiple comparisons using the other 2 methods (see Table 3 ).
Next, we performed univariable and multivariable linear regression analyses to determine whether TpTe (independent variable) was associated with tissue Doppler e' velocity (dependent variable). We similarly performed univariable and multivariable logistic regression to determine whether TpTe (independent variable) was associated with the presence of DD (dependent variable). Because of the relatively small sample size of our study, we used parsimonious models to avoid overadjustment. Candidate covariates were selected for inclusion into our multivariable models if they were previously known to be associated with DD and therefore thought to be potential confounders. We excluded colinearity with TpTe for all covariates before inclusion into our multivariable TpTe indicates T-peak to T-end; ACE-I/ARB, angiotensin-converting enzyme inhibitor or angiotensin receptor blocker; and GFR, glomerular filtration rate.
*Remains significant after correction for multiple comparisons. TpTe indicates T-peak to T-end; LV, left ventricular. *Remains significant after correction for multiple comparisons.
models. All analyses were performed using Stata v10.1 (StataCorp, College Station, TX).
Results
In the sample of 84 consecutive outpatients referred for stress echocardiography, the mean age was 52 ± 14 years, 47% were female, and comorbidities such as hypertension, CAD, obesity, and dyslipidemia were common. The majority of subjects had normal cardiac chamber dimensions and wall thickness. Left ventricular ejection fraction was normal (>55%) in all subjects. Of the 84 patients, 63% had normal diastolic function, 13% had mild (grade 1) DD, and 24% had moderate or greater (grade 2 or 3) DD. The mean TpTe was 75±17 ms, and the mean QTc was 423±27 ms. There was good agreement in measurements of TpTe between 2 blinded investigators. Correlation between measurements made by the 2 independent investigators was high (R=0.94, P<0.0001), and differences in TpTe values measured by the 2 independent investigators were not statistically significant (P=0.83 by paired t test). Mean bias and 95% limits of agreement for the TpTe measurement were -0.33 ms and −12.01 to 11.35 ms, respectively (see Online-Only Data Supplement Figure I for Bland-Altman plot). The intraclass correlation coefficient was 0.94 (95% confidence interval, 0.89-0.99). Table 1 displays the baseline clinical characteristics by TpTe group (below versus above median TpTe). Those with higher TpTe values were older but otherwise were similar to those with lower TpTe values with a similar prevalence of comorbidities between the 2 groups. Table 2 summarizes the resting ECG and echocardiographic characteristics by median TpTe. Subjects with an increased TpTe had a more leftward QRS axis, longer PR interval, longer QT interval, and longer QTc interval, but none of these differences remained significant after accounting for multiple comparisons; QRS duration was similar between the 2 groups. There were several echocardiographic differences among TpTe groups: in those in the TpTe ≥75 ms group, septal wall thickness and posterior wall thickness were higher, and early mitral inflow e' velocity and E/A ratio were lower. By tissue Doppler imaging, subjects in the TpTe ≥75 ms group had a much lower septal e' velocity when compared with those with lower TpTe (7.7±2.2 cm/s versus 10.9±2.3 cm/s, P<0.0001). Left ventricular filling pressure (estimated noninvasively by the E/e' ratio) was also higher among patients in the TpTe ≥75 ms group (10.7±3.2 versus 8.3±2.2, P=0.0001). Although there were several echocardiographic differences among the TpTe groups, the only differences that remained statistically significant after multiple comparison testing were e' velocity, E/e' ratio, and DD. Figure 1 displays representative examples of tissue Doppler images and corresponding lead V 5 ECG tracings in a patient with short TpTe (and normal e' velocity) and a patient with long TpTe (and reduced e' velocity). Figure 2 demonstrates the inverse relationship between TpTe interval and e' velocity as well as the inverse relationship between QTc interval and e' velocity. The correlation between TpTe and e' velocity (R= −0.66, P<0.0001) was much stronger than the correlation between QTc and e' velocity (R= −0.28, P=0.011). Tables 3 and 4 display the exercise test characteristics by median TpTe. Resting heart rate was similar among groups; however, patients with increased TpTe demonstrated lower heart rate at peak exercise and reduced exercise capacity. There were no significant differences in regional wall motion abnormalities, mitral inflow velocities, or mitral E deceleration time at peak stress. However, higher TpTe was associated with a decreased peak-exercise tissue Doppler septal e' velocity and an increased peak-exercise E/e' ratio. In addition, the number of subjects with an abnormal diastolic stress test (ie, peak exercise E/e' >13) was much higher in the TpTe ≥75 ms group compared with the TpTe <75 ms group (23% versus 2%, P=0.007). Only peak heart rate, peak exercise e' velocity, and peak exercise E/e' ratio remained significantly different among the TpTe groups after accounting for multiple comparisons. Table 5 summarizes univariable and multivariable regression analyses for the association between TpTe and septal e' velocity and for the association between TpTe and DD. These results demonstrate the independent inverse association between TpTe and e' velocity even after adjusting for potential confounders, including age, QTc, left ventricular mass index, and exerciseinduced wall motion abnormalities. In unadjusted analyses, each 10-ms increase in TpTe was associated with a 1.02 cm/s decrease in e' velocity (P<0.001). In the final multivariable model, each 10-ms increase in TpTe was associated with a 0.41 cm/s decrease in e' velocity (P=0.006), and QTc was no longer associated with e' velocity (P=0.08). TpTe was also independently associated with worse DD (Figure 3 and Table 5 ).
Discussion
In a sample of 84 consecutive outpatients referred for exercise echocardiography, we found a significant inverse linear association between the TpTe interval and tissue Doppler septal e' velocity. This association persisted after adjustment for several important potential confounders, including age, QTc interval, and left ventricular wall thickness. Moreover, TpTe remained associated with DD independent of exercise-induced regional wall motion abnormalities, suggesting that TpTe relates directly to DD rather than representing a surrogate 16 and may better represent the electrical manifestations associated with abnormal relaxation and DD.
Ours is the first study to our knowledge to demonstrate the inverse relationship between ECG TpTe and tissue Doppler septal e' in unselected patients without LQTS. However, electromechanical coupling in the setting of prolonged QTc is not new. It was first demonstrated as an unsuspected late systolic left ventricular thickening seen on M-mode in patients with genetic LQTS without structural abnormalities. 5 These findings were replicated using a 12-segment M-mode measurement of thickening time in cases of LQTS versus control subjects, suggesting not only electrical but also mechanical dispersion of the left ventricle in patients with LQTS. 7 The advent of tissue Doppler imaging has allowed for further demonstration of abnormalities in left ventricular systolic and diastolic function in LQTS patients when compared with control subjects. 8 A larger casecontrol study using tissue Doppler imaging demonstrated that patients with inherited LQTS have a longer contraction duration when compared with control subjects and increased duration of contraction was more predictive of cardiac events than QTc. 9 Mechanical implications of electrical heterogeneity have also been studied and validated in animal models. 13 Multiple recent studies have demonstrated the role of T-wave analysis, and TpTe in particular, as a potential ECG biomarker of dispersion of repolarization. 18, 20, [30] [31] [32] [33] In addition, some experiments have begun to investigate the ability of pharmacologically reversing dispersion of repolarization measured by TpTe as a potential therapeutic mechanism for reducing proarrhythmic substrate. 34 Nevertheless, transmural dispersion of repolarization has only recently been demonstrated as a potential mechanism contributing to mechanical dysfunction in patients with overt HF. 35 Our results should not be interpreted to suggest that TpTe measured on surface ECG can be used to screen for DD or exercise-induced DD on echocardiography. Rather, these findings add to the growing literature of evidence suggesting a possible contribution of electromechanical coupling of dispersion of repolarization as a mechanism of DD. The novel inverse association of TpTe with septal e' among unselected patients should prompt further investigations into both the electrical and mechanical markers of dispersion and an improved understanding of the mechanism behind electromechanical coupling.
The following limitations should be considered when interpreting the results of our study. We performed measurement of TpTe manually (and not by automated, computerized analysis), which may have introduced slight errors into the TpTe measurement; however, inaccuracy in TpTe would only decrease the association between TpTe and DD, and our evaluation of interobserver variability showed that there was good agreement in TpTe measurements among independent observers. Nevertheless, TpTe may be a crude measure of dispersion compared with more sophisticated software analysis of the T-wave itself; particular markers such as T-wave slope, roundness, area, and morphology may better reflect transmural dispersion of repolarization after further validation. 36 Moreover, we cannot account for the effect or the significance of excluding prominent U-waves from our analysis because the cellular basis for the origin of the U wave remains inadequately defined. [37] [38] [39] Finally, the tissue Doppler measurement of e' velocity, though a marker of DD, may not directly reflect the transmural dispersion of mechanical myocardial relaxation
In conclusion, there is an inverse, linear correlation between TpTe and tissue Doppler e' velocity, an indicator of left ventricular myocardial relaxation and diastolic function. Furthermore, increased TpTe is associated with both resting DD and exercise-induced DD. Electromechanical coupling may represent a link between transmural dispersion of repolarization and abnormal mechanical myocardial relaxation. Further studies are warranted to investigate the mechanism underlying diastolic electromechanical coupling of dispersion of repolarization, since such a mechanism may be a novel target for therapy in patients with HF syndromes.
